3-5 A wide range of lasing wavelengths ͑460-550 nm͒ can be realized in this system by varying the cadmium concentration from 0%, ZnSe, to more than 40%.
Short wavelength semiconductor lasers have attracted much attention since the first demonstration of ZnSe based injection lasers by Haase et al. 1 in 1991. Rapid progress in the area of II-VI wide-band-gap material growth has resulted in room-temperature continuous-wave ͑cw͒ operation with lifetimes in excess of 3 h. 2 These devices typically operate at about 510-530 nm and consist of Cd x Zn 1Ϫx Se quantum wells with a Zn 1Ϫx S x Se and Mg 1Ϫx Zn x S y Se 1Ϫy guiding and cladding layer, respectively. [3] [4] [5] A wide range of lasing wavelengths ͑460-550 nm͒ can be realized in this system by varying the cadmium concentration from 0%, ZnSe, to more than 40%.
Design of II-VI ZnSe based laser devices requires knowledge of the conduction-and valence-band offsets. Several heterointerfaces are present in the most common wideband-gap ZnSe based laser devices, including the III-V ͑GaAs substrate͒-ZnSe n-type interface, the quantum well double heterostructure and the p-type ZnSe-ZnTe contact. Numerous experimental and theoretical band offset studies have been reported on a wide variety of II-VI based heterojunctions 6, 7 and quantum wells. [8] [9] [10] [11] [12] However, to the best of our knowledge there is no definitive experimental data on the conduction-and valence-band offsets occurring at the quantum well/guiding layer interface. In this letter, we report experimental results of conduction-band offsets in pseudomorphic Cd 0.3 Zn 0.7 S 0.06 Se 0.94 /ZnS 0.06 Se 0.94 single quantum well structures measured by deep level transient spectroscopy ͑DLTS͒.
The basis for this technique, of measuring band offsets with DLTS, is that the potential variation of a quantum well is similar to that of a deep level, with some obvious differences. 13, 14 From a detailed balance between thermal capture and emission rates of electrons from a quantum well, the emission rate of electrons is given by 14 e n ϭ͑16 3/2 /3h
3 ͒m e *͑kT͒ 1/2 ͑ ⌬E ͒
where ⌬E e is the electron emission energy for the conduction band, m e * is the effective mass in the well material, and is a parameter related to the capture of carriers by the wells. 13 The thermal emission energy of carriers from a quantum well is related to the band offset.
We now consider a single quantum well in the depletion region of a Schottky barrier. The width of the Schottky barrier depletion region that contains the quantum well is given by
where W 0 2 ϭ(2/qN D )V is the depletion region width of in the absence the well, L w is the thickness of the well, L is the thickness of the barrier from the Schottky contact to the well, N D is the net donor density in the barrier, and V is the sum of the applied reverse bias and the built-in voltage drop, V bi . The DLTS signal, s(t), for rate windows t 1 and t 2 is given by
where the capacitance C 0 corresponds to the depletion width W 0 . The structure used in this study was grown by molecular beam epitaxy on a ͑100͒ silicon doped GaAs substrate. The growth procedure has been described in detail previously. 16, 17 The cross section of the structure is illustrated in the inset of Fig. 1 . A 3000 Å thick ZnS 0.06 Se 0.94 chlorine doped barrier layer was first grown on the n-type GaAs substrate followed by the growth of a compressively strained single Cd 0.3 Zn 0.7 S 0.06 Se 0.94 quantum well. A second n-type ZnS 0.06 Se 0.94 ͑1000 Å͒ was then grown as the top barrier. The CdZnSSe quantum well thickness was determined, by analyzing cross-sectional high resolution transmission electron microscopy images, to be about 50 Å. The band gap of the ZnS 0.06 Se 0.94 barrier was evaluated from optical reflectance measurements to be 2.70 eV, corresponding to a sulfur concentration of 6%. The CdZnSSe quantum well ZnSSe barrier interface is essentially identical to the quantum well/guiding layer interface of the most common II-VI based blue-green laser diodes operating at 515 nm.
Room-temperature photoluminescence performed on the structure using the 457 nm line of an argon-ion laser rea͒ Electronic mail: pkb@eecs.umich.edu vealed a strong luminescence peak at 515.4 nm ͑2.406 eV͒, shown in Fig. 1 , which is attributed to the CdZnSe single quantum well. This emission is the result of electron-hole recombination between the first electron and heavy-hole subbands. The energy difference between the barrier layer and the effective quantum well band gap is then 294 meV.
Schottky diodes were prepared by evaporating titanium/ gold ͑1000/2000 Å, respectively͒ electrodes on the n-type ZnS 0.06 Se 0.94 top layer. The backside GaAs substrate was metallized with 1000 Å of palladium. The capacitance was measured as a function of applied reverse bias to estimate the effective doping concentration and to determine the approximate depth of the well. As illustrated in Fig. 2 the quantum well is located about 1000 Å ͑inset͒ beneath the surface as expected from previously determined growth rates. The carrier concentration, N D -N A , in the barrier layer is about 3 ϫ10 17 cm Ϫ3 . It is important to ensure that the observed DLTS signal represents electron emission from the quantum well and not deep level defects in the barrier material. There have been numerous reports of deep level defect identification in both n-and p-type ZnSe based thin films. [18] [19] [20] [21] [22] [23] In chlorine doped ZnSe Karczewski et al. 22 report two defect energy levels, 300 and 510 meV below the conduction band edge. Similar values have been observed in undoped ZnSe grown by molecular beam epitaxy. 19 The dominant emission signal in our DLTS measurements did not correspond to any previously reported deep level defect energy in II-VI materials.
Typical DLTS data at specified bias and rate windows, obtained from our samples, are shown in Fig. 3͑a͒ . The figure shows two scans at different reverse biases, so that the quantum well is included or excluded in the depletion region. The biases are chosen from the measured capacitancevoltage data of Fig. 2 . The peaks labeled T 1 and T 2 are likely to be from electron traps, though they do not correspond to the 0.3 and 0.51 eV levels seen by other authors. 19, 22 The peak labeled Q is conspicuously absent in the scan excluding the quantum well. Similar features are seen for other rate windows. We therefore conclude that the peak Q results from electron emission from the 50 Å Cd 0.3 Zn 0.7 S 0.06 Se 0.94 quantum well. Since our primary objective in this study was to determine the CdZnSSe/ZnSSe heterojunction band offset, we did not investigate the bulk traps labeled T 1 and T 2 further. The Arrhenius plot for the quantum well emissions obtained with different rate windows is shown in Fig. 3͑b͒ . An activation energy of ⌬E e ϭ179Ϯ10 meV is obtained from the slope of the plot. The thermal emission energy ⌬E e is related to the conduction band offset by the approximate relation
where the parameters on the right-hand side are depicted in the inset of Fig. 3͑b͒ . F is the electric field across the well region due to the applied reverse bias. There are obvious sources of error in this simple formulation, the principle ones being the spread in the subband energies and the excess energy of carriers above the barrier during emission, or reduced energy due to tunneling. The value of E e1 is obtained from theoretical analysis including the effect of biaxial strain ͑misfit ϭ 0.02 436͒. The value of F is obtained from the applied reverse bias of the DLTS sweeps and the depletion region width calculated from ͑2͒. The value of ⌬E c derived from Eq. ͑4͒ is 269Ϯ20 meV using ⌬E e ϭ179Ϯ10 meV, ⌬E e1 ϭ51Ϯ5 meV, L w ϭ50 Å, and Fϭ7.7ϫ10 4 In summary, we have presented DLTS measurements on n-type CdZnSSe/ZnSSe single quantum wells for conduction band offset determination. This system is identical to the quantum well/guiding layer heterostructure used in toady's most common blue-green II-VI separate confinement heterostructure ͑SCH͒ laser diodes ͑operating at 515 nm͒. Our results indicate that the conduction band offset makes up about 75% of the band-gap difference between the barrier and quantum well. Work is being carried out to apply this characterization technique to p-type systems for valence band offset determination.
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